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ABSTRACT 
The purpose of this study is to investigate the minimum paste volume required with an 
appropriate water-to-cementitious ratio (w/cm) to achieve required workability, strength and 
durability requirements of concrete mixtures for pavements. In this experimental program, 64 
concrete mixtures with varying w/cm, cementitious content and binder type were prepared and 
tested. The fine aggregate-to-total aggregate ratio was held constant for all the mixtures. Fresh 
and hardened concrete properties of the mixtures were determined at various ages.  
  Test results have shown that approximately 1.5 times more paste by volume is required 
than voids between the aggregates to achieve a minimum performance in concrete for 
pavements. For a given w/cm, strength is independent of cementitious content after a critical 
value is provided. When w/cm is constant, increasing paste content increased chloride 
penetrability and air permeability. 
 
CE Database subject headings:   Concrete pavements; Optimization; Concrete tests; Durability; 
Compressive strength; Permeability; Fly ash; Slag. 
 
INTRODUCTION 
 
A critical aim in proportioning a concrete mixture is to ensure that “it fits for the purpose for 
which it is intended and for the expected life during which it is to remain in service” (Neville 
2000) while using available materials at minimum cost.  
  Good concrete is controlled through materials selection, mix proportioning, and 
workmanship (e.g. concrete must be properly mixed, transported to the job site, placed, finished 
and followed by proper curing) (PCA 1975). In general, workability and strength are the 
properties most often assessed (Bickley et al. 2010; PCA 1975). However, the concrete 
properties of interest are not limited to these and other properties such as air content, setting 
time, shrinkage may be assessed (Bickley et al. 2010). In addition, the mix proportions should be 
optimized for economy and sustainability (PCA 1975). 
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  This paper discusses an approach to achieve a quality concrete mixture with minimum 
impact whilst meeting specifications. Currently, construction specifications are predominantly 
prescriptive with some performance characteristics (Taylor 2004); however, the construction 
industry has been moving from prescriptive towards performance-based (P2P) specifications 
(Bickley et al. 2010; Lobo et al. 2006; Day 2006; Taylor 2004).  
  Performance-based specifications promote better use of materials because they focus on 
concrete properties (e.g. workability, strength, and durability) needed to achieve service life 
capacity and longevity (Bickley et al. 2010; Lobo et al. 2006; Day 2006; Braselton and Blair 
2004; Taylor 2004).  The Federal Highway Administration (FHWA) has charted a roadmap to 
performance-based specifications (Bickley et al. 2010). Taylor (2004) has postulated nine steps 
in the transition from P2P and stated that some of the essential requirements may be initially 
prescriptive, but in time would become performance criteria. As part of the transition, this study 
analyzed the effect of paste-to-voids volume ratio on concrete properties in order to reduce 
dependence on prescriptive minimum cement content based specifications.  
  In concrete mixes, enough cement paste should be provided that not only fills the voids 
between aggregates but also covers the aggregates and separates them to reduce the inter-particle 
friction between aggregates when the mixture is in the fresh state (Kosmatka et al. 2008; Koehler 
and Fowler 2007; Hu and Wang 2007; Ferraris and Gaidis 1992; Kennedy 1940). This is known 
as “excess paste theory” (Kennedy 1940). However, studies (Wassermann et al. 2009; Dhir et al. 
2004; Kennedy 1940) have shown that in some cases, specified cement contents are higher than 
required. This high cementitious content will increase shrinkage and permeability, and thus 
decrease the durability of concrete. In addition, increasing cement content also has a negative 
impact on the environment due to the high energy consumption and CO2 emission of cement 
production (Liu et al. 2012; Wassermann et al. 2009). It is likely possible to reduce this amount 
without compromising workability, strength and durability (Kennedy 1940).  
  The purpose of this study is to investigate the critical minimum paste requirement for 
performance by analyzing the effect of paste-to-voids volume ratio on concrete properties. 
 
MATERIAL AND METHODS 
 
Materials 
 
A single batch of each of the following materials was obtained: 
• ASTM C150 Type I ordinary portland cement (OPC) 
• ASTM C618 Class F fly ash  
• ASTM C618 Class C fly ash 
• ASTM C989 Grade 120 slag cement 
• 25.4-mm nominal maximum size crushed limestone 
• 4.75-mm nominal maximum size concrete sand  
• ASTM C494 Type F polycarboxylate based high range water reducer (HRWR) 
 
The chemical composition of the cementitious materials is presented in Table 1.  
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Table 1. Chemical composition of cementitious materials, percentage by mass 
Chemical composition OPC F ash C ash Slag 
Silicon dioxide (SiO2) 20.22 49.71 36.71 37.20 
Aluminum oxide (Al2O3) 4.43 15.29 19.42 9.48 
Ferric oxide (Fe2O3) 3.19 7.16 6.03 0.47 
Calcium oxide (CaO) 62.71 15.66 25.15 40.10 
Magnesium oxide (MgO) 3.51 5.29 4.77 10.99 
Sulfur trioxide (SO3) 3.24 0.87 1.97 1.11 
Potassium oxide (K2O) 0.69 2.17 0.46 0.41 
Sodium oxide (Na2O) 0.08 1.73 1.64 0.26 
Equivalent alkalis (NaEq) 0.54 3.16 1.94 0.53 
 
Combined aggregate gradation 
 
The void percentage of the combined aggregates was kept constant as19.8% for all the mixtures 
to remove the aggregate grading as a variable from the experimental matrix. This was selected by 
assessing the 0.45 power chart (Bureau of Public Roads 1962), Shilstone workability factor chart 
and specific surface of the aggregates. 
  The fine aggregate-to-total aggregate ratios of 0.45, 0.42 and 0.39 provided the best 
mixtures in FHWA 0.45 power curve, Shilstone workability factor chart and specific surface 
charts, respectively (Fig. 1a-c). Based on the average of these numbers, the fine aggregate-to-
total aggregate ratio was selected as 0.42. 
  The appropriateness of the selected ratio of 0.42 was checked by plotting the data in an 
ASTM C33 plot (Fig. 1d) and a “Haystack” plot (Fig. 1e). The Haystack plot did not present an 
ideal combination, but was the best combination that could be achieved with the materials 
available. While not ideal, this type of gradation is common in many construction sites, and is 
therefore an appropriate combination for this research study.   
  The unit weight and volume of voids in the combined aggregate were measured in 
accordance with ASTM C29. The overall unit weight of the combined aggregates was 2098 
kg/m3.  
  The specific gravity and absorption of the coarse and fine aggregates were determined 
using ASTM C127 and ASTM C128, respectively.  The saturated surface dry (SSD) specific 
gravity and the absorption values of the coarse aggregates were 2.67 and 1.0%, respectively. The 
SSD specific gravity and the absorption values of the fine aggregates were 2.62 and 1.1%, 
respectively.  
 
3 
 
Reference to this paper should be made as follows: Yurdakul, E., Taylor, P. C., Ceylan, H., and Bektas, F. (2013). 
“Effect of Paste-to-Voids Volume Ratio on the Performance of Concrete Mixtures,” ASCE Journal of Materials in 
Civil Engineering. DOI: 10.1061/(ASCE)MT.1943-5533.0000728, Vol. 25, No. 12, pp. 1840-1851.   
 
 
Fig. 1. Combined aggregate gradation curves: (a) FHWA 0.45 power curve chart; (b) Shilstone workability factor chart; (c) 
specific surface chart; (d) ASTM C33 (2013) chart; (e) haystack plot 
 
Mix design 
 
In concrete mixes for pavements, the cementitious content generally ranges between 300 and 360 
kg/m3 (Pavement Interactive 2007). Typical water cementitious ratios for concrete paving 
materials are between 0.40 and 0.50 (Van Dam et al. 2000). The range selected in this study 
included the extremes at both ends (i.e. 240 and 415 kg/m3) to show their effects on concrete 
performance. Thus, a total of 64 mixtures were prepared as follows:  
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• 4 cementitious contents – 240, 300, 360 and 415 kg/m3 (numbers were converted from 
English units to SI units and rounded up to the nearest 5 kg/m3. The selected cementitious 
content range ranges between 400, 500, 600 and 700 lb/yd3) 
• 4 w/cm – 0.35, 0.40, 0.45 and 0.50 
• 4 cementitious materials systems –Type I OPC, 20% Class F fly ash, 20% Class C fly ash 
and 40% slag cement  
 
  The fine aggregate-to-total aggregate ratio was selected as 0.42 based on data from the 
combined aggregate gradation charts as discussed in the combined aggregate gradation section. 
A polycarboxylate based high range water reducing admixture was used in the lean mixtures to 
increase workability. No air-entraining agent was added to the mixtures. 
 
Mix proportions 
 
The mix proportions for the 64 mixtures are given in Table 2. These numbers represent the 
equivalent values of the mix proportions that were originally designed in English units and 
converted to the SI units. 
 
Table 2. Mix proportions 
No OPC  (kg/m³) 
F ash 
(kg/m³) 
C ash 
(kg/m³) 
Slag 
(kg/m³) 
Binder 
(kg/m³) 
Water 
(kg/m³) 
HRWR 
(ml/100 kg) w/cm 
Sand 
(kg/m³) 
Stone  
(kg/m³) 
Vpaste/ 
Vvoid 
1 237       237 83 2258 0.35 911 1258 110 
2 190 47     237 83 2258 0.35 907 1258 112 
3 190   47   237 83 2258 0.35 908 1254 111 
4 142     95 237 83 2258 0.35 908 1254 112 
5 297       297 104 1519 0.35 867 1197 141 
6 237 60     297 104 1519 0.35 861 1190 145 
7 237   60   297 104 1519 0.35 864 1192 143 
8 178     119 297 104 1355 0.35 863 1192 144 
9 356       356 125 889 0.35 823 1136 176 
10 285 71     356 125 889 0.35 817 1128 181 
11 285   71   356 125 889 0.35 819 1131 179 
12 214     142 356 125 889 0.35 818 1130 179 
13 415       415 145 527 0.35 779 1076 213 
14 332 83     415 145 527 0.35 772 1066 220 
15 332   83   415 145 527 0.35 775 1070 217 
16 249     166 415 145 352 0.35 774 1068 218 
17 237       237 95 1437 0.40 898 1239 119 
18 190 47     237 95 1539 0.40 893 1233 122 
19 190   47   237 95 1539 0.40 895 1236 120 
20 142     95 237 95 1283 0.40 895 1235 121 
21 297       297 119 1314 0.40 850 1174 154 
22 237 60     297 119 1232 0.40 845 1167 158 
23 237   60   297 119 1232 0.40 847 1170 156 
24 178     119 297 119 1232 0.40 847 1169 157 
25 356       356 142 376 0.40 803 1109 192 
26 285 71     356 142 376 0.40 797 1101 197 
27 285   71   356 142 0 0.40 800 1104 195 
28 214     142 356 142 376 0.40 799 1103 195 
29 415       415 166 235 0.40 756 1044 235 
5 
 
Reference to this paper should be made as follows: Yurdakul, E., Taylor, P. C., Ceylan, H., and Bektas, F. (2013). 
“Effect of Paste-to-Voids Volume Ratio on the Performance of Concrete Mixtures,” ASCE Journal of Materials in 
Civil Engineering. DOI: 10.1061/(ASCE)MT.1943-5533.0000728, Vol. 25, No. 12, pp. 1840-1851.   
 
30 332 83     415 166 235 0.40 749 1034 242 
31 332   83   415 166 59 0.40 752 1038 240 
32 249     166 415 166 235 0.40 751 1037 240 
33 237       237 107 667 0.45 884 1221 128 
34 190 47     237 107 667 0.45 880 1216 131 
35 190   47   237 107 718 0.45 882 1218 130 
36 142     95 237 107 667 0.45 882 1217 130 
37 297       297 133 452 0.45 834 1152 166 
38 237 60     297 133 493 0.45 829 1144 170 
39 237   60   297 133 493 0.45 831 1147 168 
40 178     119 297 133 493 0.45 830 1146 169 
41 356       356 160 0 0.45 783 1082 209 
42 285 71     356 160 0 0.45 777 1073 215 
43 285   71   356 160 0 0.45 780 1077 213 
44 214     142 356 160 0 0.45 779 1076 213 
45 415       415 187 0 0.45 733 1012 259 
46 332 83     415 187 0 0.45 726 1002 266 
47 332   83   415 187 0 0.45 729 1006 263 
48 249     166 415 187 0 0.45 728 1005 264 
49 237       237 119 718 0.50 872 1203 138 
50 190 47     237 119 718 0.50 867 1197 141 
51 190   47   237 119 718 0.50 869 1200 140 
52 142     95 237 119 718 0.50 868 1199 140 
53 297       297 148 329 0.50 817 1128 180 
54 237 60     297 148 329 0.50 812 1122 184 
55 237   60   297 148 329 0.50 814 1124 182 
56 178     119 297 148 329 0.50 814 1124 183 
57 356       356 178 0 0.50 764 1054 228 
58 285 71     356 178 0 0.50 758 1046 234 
59 285   71   356 178 0 0.50 760 1050 232 
60 214     142 356 178 0 0.50 759 1048 232 
61 415       415 208 0 0.50 710 980 284 
62 332 83     415 208 0 0.50 702 970 292 
63 332   83   415 208 0 0.50 705 973 289 
64 249     166 415 208 0 0.50 705 973 290 
 
Specimens and testing 
 
For each mixture, fifteen 100x200-mm. concrete cylinders were cast in accordance with ASTM 
C31 and stored in the fog room until testing in accordance with ASTM C192. The tests 
conducted are given in Table 3.  
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Table 3. Test matrix 
Concrete properties Method 
No of 
specimens Age (days) 
Slump/Slump flow ASTM C143/ASTM C1611 1 - 
Air content ASTM C231 1 - 
Setting time ASTM C403 1 - 
Compressive strength ASTM C39 2 per age 1, 3, 28, 90 
Rapid chloride penetration (RCP) ASTM C1202 2 per age 28, 90 
Air permeability University of Cape Town Method 2 per age 1, 3, 28, 90 
 
  Although slump, setting time and air content tests were not control parameters, they were 
measured to evaluate the effect of the variables on concrete behavior (Table 4).   
   
Table 4. Fresh concrete properties 
No Slump (mm)  
Slump  
flow 
(mm) 
Air 
(%) 
Setting (min) 
Initial Final 
1 0  2.8 290 415 
2 0  4.5 330 500 
3 5  3.5 395 620 
4 0  2.2 N/A N/A 
5 0  1.5 200 300 
6 50  4.0 340 530 
7 40  3.0 395 510 
8 5  2.3 355 505 
9 50  1.8 205 265 
10 70  3.3 265 370 
11 145  3.3 340 450 
12 75  3.2 265 370 
13 40  1.8 160 240 
14 75  1.5 205 290 
15 110  2.2 260 340 
16 65  2.2 230 335 
17 0  3.5 210 340 
18 0  2.8 330 590 
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19 40  4.8 265 365 
20 50  2.8 350 530 
21 90  3.5 290 375 
22 75  2.3 235 330 
23 85  4.5 325 420 
24 120  3.5 260 440 
25 65  2.0 200 285 
26 75  2.5 330 465 
27 50  2.5 255 350 
28 75  2.3 225 415 
29 115  2.2 205 275 
30 230  1.0 260 370 
31 105  1.5 290 370 
32 65  2.3 240 365 
33 0  2.6 175 265 
34 0  2.0 310 495 
35 0  3.3 300 460 
36 5  3.0 225 410 
37 25  2.8 190 275 
38 65  3.0 290 440 
39 75  2.8 360 475 
40 20  2.8 260 390 
41 100  3.3 195 260 
42 215  1.5 225 375 
43 185  2.3 270 400 
44 75  2.2 260 375 
45 150  3.5 215 280 
46  565 0.5 290 370 
47  535 1.5 340 505 
48 95  2.0 290 395 
49 0  3.5 225 340 
50 205  3.5 355 490 
51 40  2.5 320 425 
52 125  3.0 340 585 
53 75  3.0 215 305 
54 190  2.8 335 450 
55 90  2.3 320 410 
56 75  3.3 265 465 
57 230  0.8 230 295 
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58 265  1.8 320 450 
59 0  0.8 275 365 
60 255  1.3 335 455 
61  510 0.5 250 340 
62  545 1.3 350 455 
63  565 0.5 315 430 
64 280  1.0 370 530 
 
  When the slump was more than 200-mm, the slump flow was determined. At early ages, 
RCP samples tended to boil, therefore tests were only conducted at 28 and 90 days. The air 
permeability test was also conducted on 2 specimens per mixture at 1, 3, 28 and 90 days using 
the University of Cape Town Air Permeability Method (Alexander et al. 1999).  
 
RESULTS AND DISCUSSION 
 
Much of the data is presented in figures in which the horizontal axis is the volume of paste 
divided by the volume of voids in the aggregate system.  This is because the properties of the 
mixture are governed by the paste volume and the paste quality.  If there is insufficient paste to 
fill all of the voids between the aggregate particles, then performance is likely to be 
compromised. Once adequate paste is obtained to fill the voids and separate the aggregate 
particles, then the quality of paste (not the quantity) dominates the trends, as predicted by the 
excess paste theory (Kennedy 1940).  The aim of this study was to investigate where this 
transition occurs.  
 
Workability 
 
The effect of the paste-to-voids volume ratio on workability is presented in Fig. 2. It can be seen 
that a minimum paste content is needed to make a workable mixture. 
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Fig. 2. Plots of slump versus paste-to-voids volume ratio; the symbols reflect the water-reducing admixture dosage in ml=100 kg 
of cementitious materials; (mixtures in which slump flow was recorded are shown here as 300-mm slump) 
 
  For the plain mixtures, a minimum of 1.5 times more paste is required than the voids 
between the aggregate particles to achieve a workable mix. Below this number, even a high 
dosage of HRWR did not contribute to improved workability. In fact, those mixtures containing 
insufficient paste content exhibited honeycombing and were difficult to mix, consolidate and 
finish. A slump of 50-mm was achieved in mixtures containing lower paste contents compared to 
the plain mixtures (Fig. 2). The increased workability with the addition of SCM is consistent 
with the literature (Johari et al. 2011; Johansen et al. 2006).   
  For mixtures containing SCM, the minimum paste volume should be approximately 1.25 
times more than the voids volume between the aggregates. This result is not surprising, because 
the spherical morphology of the fly ash particles would be expected to reduce the inter-particle 
friction in the mixtures.  
  As shown in Fig. 3 (left cylinder), mixtures with 240 kg/m3 of cementitious content at 
w/cm of 0.35 did not have adequate paste content to fill the voids between the aggregates. These 
mixtures were harsh and not workable, and could not be well-consolidated. The lack of 
consolidation, in turn, affected the hardened properties. The workability of these mixtures could 
not be improved with the use of water reducing admixtures. These findings were expected, but 
the mixtures were deliberately made to verify the assumption.  
 
10 
 
Reference to this paper should be made as follows: Yurdakul, E., Taylor, P. C., Ceylan, H., and Bektas, F. (2013). 
“Effect of Paste-to-Voids Volume Ratio on the Performance of Concrete Mixtures,” ASCE Journal of Materials in 
Civil Engineering. DOI: 10.1061/(ASCE)MT.1943-5533.0000728, Vol. 25, No. 12, pp. 1840-1851.   
 
 
Fig. 3. Concrete mixes with 240 kg=m3 of OPC∶w=c of (a) 0.35; (b) 0.40; (c) 0.45; (d) 0.50 
 
Compressive strength 
 
The results are presented in Fig. 4. It can be seen that strength increased with increasing paste 
content, up to a limit.  Once a certain paste content was reached; strength became independent of 
paste content.  
 
 
Fig. 4. Overview of the effect of Vpaste/Vvoid on strength for all mixtures at various ages 
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  The data in Fig. 5 also supports the results discussed above as increasing paste content 
increased strength up to a point, after which strength was not improved by further increasing the 
paste content. After a maximum strength was achieved, increasing paste content slightly 
decreased the compressive strength likely due to not all of the cementitious materials 
participating in the pozzolanic reaction (Liu et al. 2012).  
 
 
Fig. 5. Compressive strengths for different binder systems at 28 days as a function of cementitious content; symbols reflect the 
w=cm of each mixture 
 
  As shown in Fig.5 there appears to be a trend that above a given amount, increasing 
cementitious content does not lead to marked increases in 28-day strength.  For OPC and class C 
fly ash this amount is about 300 kg/m3 while for class F fly ash and slag cement this amount is 
about 350 kg/m3.  It is likely that the differences in performance between these systems at this 
age are due to the differences in hydration rates of the binders (Johari et al. 2011; Johansen et al. 
2006). 
  The plots also indicate that increasing w/cm decreases strength for all mixtures 
(Wassermann et al. 2009; Mindess et al. 2003; Popovics 1990; Abrams 1920).  For a given 
cementitious content, other than the mixtures with 300 kg/m3 of cementitious material, 
increasing w/cm decreased the compressive strength. However, it should be noted that the 
strength and w/cm relationship applies only to workable mixes (Kennedy 1940).  
  Fig. 6 shows that increasing paste does not improve strength above a certain value.  For 
the aggregates used in this study, the critical values of Vpaste/Vvoid are about 150% for 
mixtures containing OPC and C fly ash and about 175% for slag cement and F fly ash mixtures.   
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The comparisons of the trends presented in Figs. 5 and 6 were based on an acceptable range of 
strengths of two cylinders (4x8-in.) that is 9 % (ASTM C39, 2005). 
 
 
Fig. 6. Compressive strengths for different binder systems at 28 days as a function of Vpaste/Vvoid; symbols reflect the w=cm 
of each mixture 
 
Fig. 7 shows the effect of minimum paste volume on cement efficiency. The cement 
efficiency was calculated by calculating the strength per unit mass of cement in a mixture. The 
trends presented in Fig. 7 support the findings discussed above that after reaching the paste 
volume that is required for the mix to reach a plateau, increasing paste volume does not provide 
any benefits in terms of compressive strength. The peak efficiencies are higher for the mixtures 
containing OPC and C fly ash, and lower for the mixes with F fly ash and slag cement. As stated 
before, this efficiency difference is most likely related to the chemistry and fineness and their 
effects on hydration rates.  It is also notable that the effect of w/cm on efficiency is relatively 
small. Decreasing efficiency with increasing paste content indicates that the cost and 
sustainability of mixtures with high paste content is not optimized. 
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Fig. 7. Cementing efficiency of different binder systems at 28 days as a function of Vpaste/Vvoid; symbols reflect the w=cm of 
each mixture 
 
Rapid chloride penetration 
 
RCP test was conducted at 28 and 90-days because the low cementitious content samples 
exhibited such high conductivity that no data could be obtained at earlier ages.  This is likely 
because of the pore structure (Bagheri and Zanganeh 2012) caused by the inadequate paste 
content that could not fill the voids between the aggregate particles (Fig. 8).  
 
 
Fig. 8. Porosity of mix with 300 kg=m3 of cementitious content and 
0.35 of w=cm 
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  The effect of paste volume on rapid chloride penetration (RCP) is presented in Fig. 9. 
Hydration at later ages helped to fill some of the capillary voids and reduce penetrability.  
Increasing the paste volume increased the chloride penetrability which is consistent with the 
literature (Arachchige 2008). This can be explained by the differences between aggregate and 
paste. In general, aggregates are likely to be denser than cement paste (especially at early ages) 
and have a lower permeability than cement paste, so concretes with low paste content tend to 
have lower permeability, despite the introduction of the more porous interfacial transition zones 
(Scrivener and Nemati 1996).  
 
 
Fig. 9. Overview of the effect of Vpaste/Vvoid on penetrability for mixtures at 28 and 90 days 
 
  The data presented in Fig. 10 supports the findings discussed above: in all cases chloride 
penetration increased with increasing paste volume.  The mixtures containing slag cement and C 
fly ash exhibited less penetration compared to the plain mixes at 28 days.  At 28 days, mixtures 
with Class F ash exhibited higher penetrability than plain concrete, likely due to its initially 
slower hydration rate. However, at 90 days, plain concrete showed higher penetrability than 
mixtures with Class F fly. This result is not surprising because increasing the testing age of the 
mixes incorporating SCM reduces the porosity of the concretes as a result of the continued 
pozzolanic reaction (Bagheri and Zanganeh 2012; Liu et al. 2012). The reduction in penetration 
of concrete containing SCM may also be due to their contribution to improve the interfacial 
transition zone (ITZ) between the cement paste and aggregates (Toutanji 2004).  Decreasing 
w/cm also decreased penetrability, most notably in the plain cement mixtures.  
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Fig. 10. Penetrability data for different binder systems at 28 days as a function of Vpaste/Vvoid; symbols reflect the w=cm of 
each mixture 
 
  The comparisons were based on an acceptable range in test results of different samples 
from the same batch that should not differ by more than 42 %, (ASTM C1202, 1997). 
 
Air permeability 
 
Air permeability index is the negative log of the Darcy coefficient of permeability (m/s) and uses 
a log scale (Buenfeld and Okundi 2000). Therefore, higher air permeability index (API) indicates 
higher impermeability. As reported by Alexander and Beushausen (2010) the following 
interpretation can be applied to the results:  
• API >10.0 - Excellent 
• 9.5< API<10.0 – Good 
• 9.0< API<9.5 – Poor and  
• API < 9.0 – Very poor 
   
  Similar to the RCP tests, data could not be obtained from concrete mixtures with 300 
kg/m3 of binder content due to the high porosity caused by the inadequate paste content. In Fig. 
11, increasing paste volume above certain value decreased permeability.  When Vpaste/Vvoid 
was increased from 100 to 150%, air permeability decreased likely because mixtures with low 
cementitious content had macro porosity. This result is consistent with the findings in the 
literature that compaction plays a more critical role than concrete microstructure on air 
permeability (Buenfeld and Okundi 2000). Once the required paste content was provided, 
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increasing paste content increased permeability because air tends to penetrate through the 
relatively porous paste faster through aggregates. Above a given Vpaste/Vvoid value all of the 
samples may be classified as “excellent” at 90 days.  
 
 
Fig. 11. Overview of the effect of Vpaste/Vvoid on API for mixtures at 28 and 90 days 
 
However, 90-day data is better than those in the 28 day set. Air permeability decreases as 
concrete age increases because cement hydration continues over time and the pore sizes get 
smaller, thus concrete becomes less permeable. The observed results are consistent with the 
findings reported in the literature (Alexander et al. 2007; Dinku and Reinhardt 1997). In Fig. 12, 
there is some benefit with decreasing w/cm, while the type of binder does not appear to have a 
significant effect at 28-days. Air permeability results presented in Fig 12 were compared based 
on the precision of the test method of 1.8% (Stannish et al. 2006).  
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Fig. 12. API data for different binder systems at 28 days as a function of Vpaste/Vvoid; symbols reflect the w=cm of each 
mixture 
Minimum paste volume requirement 
 
A paste thickness index (PTI) was calculated.  The specific surface area of the aggregate system 
was calculated for the combined gradation assuming spherical particles.  This with the mass of 
aggregates gave a total surface area of the aggregates in each mix, which divided by the volume 
of paste yielded an average paste thickness.  Calculations were based on the assumption that all 
aggregate particles in the selected combined aggregate system were spherical and that all were 
coated by a layer of constant paste thickness. Neither of these assumptions is correct, but the 
approach provides a reasonable point of comparison.  It was found that there was a linear 
relationship between the PTI and the Vpaste/Vvoid ratio, therefore there were no changes to the 
conclusions.   
  The PTI values ranged from 100 to 250 µm.  This is of interest because the interfacial 
transition zone (ITZ) is typically reported to be from 40 to 50 thick µm (Prokopski and Halbiniak 
2000) which is a significant fraction of the nominal paste thickness.  If about 1/3 to ½ of the paste 
is functionally ITZ, then approaches that modify the quality of the ITZ will have a marked effect 
on system performance. 
  In general, two different trends were observed.  In all cases, very low paste contents led 
to poor performance of the mixture.  Above a certain threshold, performance was either constant 
or deteriorated slightly.  Deterioration in performance was generally observed in permeability 
tests with increasing paste, which is to be expected because permeability of paste is likely to be 
lower than that of aggregate (Scrivener and Nemati 1996).  Other parameters such as strength 
were generally constant with increasing paste. 
  The threshold varied between tests and between cementitious systems (Table 5).  Values 
are not provided for RCP because it was found that the ability to consolidate the samples was 
dominant, and as soon as sufficient paste was provided to achieve this, performance fell off with 
increasing paste content. 
 
Table 5. Critical minimum paste required for performance and expresses as Vpaste/Vvoid 
percent 
Property OPC F ash C ash Slag 
Workability 150 150 125 125 
Compressive strength 150 175 150 175 
Air permeability 175 175 125 200 
 
  In broad terms then, about 1.5 to 2 times more paste by volume is required than the space 
between the combined aggregate particles.  This is to fill all the space and to line all of the 
aggregate particles, providing lubrication in mixture in its fresh state when it is being 
transported, and to glue the particles together in the hardened state.  This is applicable for the 
single aggregate system tested here.  It is possible that these numbers may change for different 
aggregate forms (river gravel as opposed to crushed limestone) and gradations.   
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CONCLUSIONS 
 
The following conclusions, which are limited to the materials used in this study, can be drawn: 
1. Approximately 1.5 times more paste by volume is required than voids between the 
aggregates to obtain a minimum workability.  Below this threshold value, the use of water-
reducing admixtures provides little benefit.  
2. For a given w/cm, increasing cementitious content does not significantly improve 
compressive strength once the critical minimum is reached.  The critical value is about twice 
the voids content of the aggregate system. 
3. For a given w/cm, increasing paste content increases chloride penetrability and air 
permeability.  
4. The results suggest the addition of SCM would help improve workability, long-term strength, 
and durability in portland cement concrete (PCC) pavements. 
These results suggest that the strength and durability of concrete could be improved by 
optimizing the mixture proportions. However, further research is needed to investigate the 
different aggregate gradation systems on concrete performance.  
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